The orientation distribution of ferrite grains formed by dynamic and static transformation was examined using the electron backscattered diffraction technique. The orientation of ferrite grains, transformed both dynamically and statically from deformed austenite, showed a large deviation from the Kurdjumov-Sachs (K-S) orientation relationship. The deformed austenite grain structure modeled using Ni-30Fe alloy showed inhomogeneous and localized deformations within the austenite grains. A large orientation variation was observed across this localized deformation zone, and the large deviation of the ferrite orientation from the K-S relationship was attributed to the nucleation of ferrite from this localized deformation region.
Introduction
Ferrite grains are known to form with specific orientation relationships to the austenite matrix, such as the KurdjumovSachs (K-S) orientation relationship. However, there is a possibility of this orientation relationship being disturbed when the ferrite grains are formed from deformed austenite. A weak orientation relationship of dynamically transformed ferrite grains with austenite has previously been reported. 1) This weak orientation relationship could be beneficial to the refinement of the ferrite grains, because of the resulting decreased tendency for grain coalescence to occur between neighboring grains. To create an ultra fine, dynamically transformed ferrite grain structure, a very large (more than 70%) deformation of super-cooled austenite is required. Achieving such a large deformation at low temperatures near 700
C is not at all practical in industry rolling mills using current techniques. At lower deformation ratios, dynamic transformation occurs only in the region near the austenite grain boundaries, while the rest of the austenite transforms statically to ferrite. To obtain an overall ultra fine grain structure, it is necessary to control the grain size, not only of the dynamically transformed ferrite grains, but also of the statically transforming ferrite grains, after the deformation.
In this study, the orientation distribution of ferrite grains, which were statically transformed from deformed austenite, was investigated using the electron backscattered diffraction (EBSD) technique, and compared with that of the dynamically transformed ferrite grains. In an attempt to understand the ferrite transformation behavior, the deformed austenite grain structure was investigated by means of the EBSD technique using Ni-30Fe model alloy, which is known to have a stacking fault energy similar to that of low carbon austenite at high temperature.
2) Ni-30Fe alloy has frequently been used to simulate austenite deformation behavior by many researchers. [3] [4] [5] Also we simulated the effect of the gradual variation in orientation within an austenite grain, which developed during the process of deformation, on the orientation distribution characteristics of statically transformed ferrite, and compared the results of this simulation with the experimental observations. In this simulation, the K-S relationship between the deformed austenite and statically transformed ferrite was assumed.
Experimental Procedure
A low carbon steel with a chemical composition of 0.14C-0.25Si-1.2Mn-0.0033B-0.012Ti was used in this experiment. A high temperature deformation simulator (THERMEC MASTOR Z) was used for the thermo-mechanical processing experiments. The specimen size was 12 mm in height and 8 mm in diameter. Figure 1 schematically shows the thermomechanical treatment process. The specimens were heated at a rate of 5 C/s to 1200 C and austenitized for 5 minutes at this temperature. An austenite grain size of about 300 mm was obtained. Then, the samples were cooled at a rate of 2 C/s to 700 C. The specimens were deformed at 700 C with reduction ratios of 20% or 50%. Ae 3 temperature of the alloy is 832 C, and the Ar 3 temperature is about 675 C, when cooled at a cooling rate of 2 C/s. Boron was added in this steel to retard the ferrite transformation and ferrite transformation did not occur before the deformation at 700 C. After deformation, they were held at the deformation temperature for 30 seconds (R ¼ 20%) or 20 seconds (R ¼ 50%). After the isothermal holding treatment, the specimens were quenched by helium gas to room temperature. For the EBSD measurement, chemical etching was carried out with 3% Nital after electro-polishing. The deviation angle of the ferrite grain from the K-S relationship was evaluated from the orientation of the austenite, which was calculated indirectly from the orientation of martensite packets within the austenite grain, assuming an exact K-S orientation relationship between the austenite and martensite. 6) In case of dynamically transformed ferrites, which formed along austenite grain boundaries, deviation angles were calculated for the two adjacent austenite grains. Of the two deviation angles, the smaller one was chosen as the deviation angle. The detailed procedure used to calculate the deviation angle of the ferrite grains from the K-S relationship is given in Ref. 6 ).
The variation of the crystal orientation within a deformed austenite grain was evaluated by EBSD using the Ni-30Fe model alloy. To obtain the grain size of 300 mm, the specimens were heated to 1200 C at a rate of 4 C/s and held at this temperature for 1 minute. Then, they were cooled to 700
C at a rate of 10 C/s. The specimens were deformed at R ¼ 20% or R ¼ 50% before quenching to room temperature. Electro-polishing was performed using 5% perchloric acid in ethanol. To reveal the grain structure, the specimens were chemically etched using an etchant consisting of 25 ml of hydrochloric acid, 25 ml of glacial acetic acid and 5 ml of distilled water. The orientation map was obtained at an acceleration voltage of 20 kV.
Results and Discussion
In this experiment, ferrite grains formed statically within the austenite grains during the period of isothermal holding after deformation, as well as dynamically at the austenite grain boundaries during deformation. The grain size of statically formed ferrite is larger than that of dynamically formed ferrite. The bimodal distribution of the ferrite grains formed in this experiment is shown in Fig. 2 . The smaller ferrite grains at the austenite grain boundaries (upper region) were formed dynamically during deformation, whereas the larger ferrite grains within the austenite grains (bottom region) were transformed statically during the period of isothermal holding following deformation. The white region is composed of martensite phase transformed from austenite after quenching. The orientations of these two groups of ferrite grains were measured separately by means of EBSD. The orientations of the ferrite grains were characterized by the misorientation of the ferrite orientation from the K-S relationship with the orientation of the austenite grains. Figure 3 shows the distribution of the deviation angle of the ferrite grains from the K-S relationship. A significant deviation of the ferrite orientation from the K-S relationship was observed in both the dynamically and statically transformed ferrite grains, regardless of the reduction ratio. The deviation angle would be expected to be close to zero, if the orientation of the ferrite grains were in good agreement with the K-S relationship. In the case of the dynamically transformed ferrite, the maximum frequency of the deviation angle was observed at between 10 and 15 degrees for the specimen deformed at R ¼ 20%. Surprisingly, in the case of the statically formed ferrites, the maximum frequency of the deviation angle was observed at between 15 and 20 degrees. When the deformation was limited to 10% in order to accelerate ferrite nucleation, the orientation distribution of statically formed ferrite showed only a small deviation, with a maximum frequency at between 0 to 5 degrees, from the K-S relationship. 7) A similar trend was observed in the 50% deformed specimens (Fig. 3(b) ). The deviation angle of the ferrite grains transformed dynamically was larger than that of the 20% deformed ones. For both the 20% and 50% deformed specimens, the orientation distribution of the statically transformed ferrites can best be described as a random distribution, as shown by the dotted line in Fig. 3 .
In this study, the orientation of austenite was evaluated based on the measured orientation of the martensite packets within the austenite grain, assuming the K-S orientation relationship between the austenite and martensite.
6) However, when the deformation is larger than 20%, the orientations of the martensite packets themselves deviate from the K-S relationship.
7) The deviation of the orientation of the martensite packets from the K-S relationship is shown in Fig. 4 . In both of 20 and 50% reduction ratio, the maximum distribution is observed at between 5 to 10 degrees. Compared to diffusionally transformed allotriomorphic ferrite, martensite is known to have a more rigorous orientation relationship with the mother austenite because it transforms by a shear mechanism. 8) However, even though the K-S relationship is valid between mother austenite and martensite, variation in the orientation of deformed austenite may result in the deviation of martensite orientation from the K-S relationship. Moreover, when there is a significant deviation of the martensite orientation from the K-S relationship, the calculation of the representative orientation of the austenite grain, based on the orientation of the martensite packets, may not be valid. As a result, the calculation of the deviation angle of the ferrite grains from the K-S relationship may contain significant errors.
In order to consider the orientation characteristics of the ferrite grains in detail, the (100) pole figures of ferrite grains transformed dynamically and statically are displayed in Fig. 5 , when deformed at R ¼ 20%. According to the calculation method of the deviation angle, the minimum Fig. 2 SEM micrograph of a specimen deformed at R ¼ 50%.
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J.-H. Kang and H.-C. Lee deviation angle from the 24 (crystal coordinates) Â 24 (variants) theoretical angles can be selected as the deviation angle from the K-S relationship. 6) Two deviation angles from both of the austenite grains should be considered, when ferrite grains transformed dynamically at the prior austenite grain boundaries. On the other hands, the deviation angle of the statically transformed ferrite grains is computed from a single austenite grain. In Fig. 5 , solid circles show the orientation of the ferrite grains and the empty triangles (or rectangles) present the 24 K-S variants. If the ferrite orientations are matched with any of these 24 variants, the ferrite grains follow the K-S orientation relationship. But the ferrite grains transformed dynamically do not conform to the K-S relationship but are randomly distributed (Fig. 5(a) ). Also, the ferrite grains transformed statically display more random distribution (Fig. 5(b) ). Even though the specimen was deformed at a reduction ratio of 20%, the ferrite grains nucleated randomly without conforming to the K-S orientation relationship. This may result from the distortion of the austenite orientation, due to deformation and the generation of deformation bands within the austenite grains.
It has been reported that the mechanism of plastic deformation, and the deformation substructures which develop in metals and alloys, are similar in materials of similar staking fault energy. 9) Using this concept, the deformed grain structure of austenite has frequently been evaluated using Ni-30Fe alloy. [3] [4] [5] This alloy is known to have a stacking fault energy similar to that of low carbon austenite at high temperature.
2) In the deformed Ni-30Fe alloy, the orientation distribution characteristics of the deformed grains were observed using the EBSD technique. Figure 6 shows the pattern quality map and misorientation map of a deformed Ni-30Fe grain. After 50% deformation, the deformation bands were clearly observed in the pattern quality map in the form of poor pattern quality areas. The deformation bands were aligned at an angle of about 30 degrees to the boundaries of pancaked grains. In Fig. 6(b) , the high angle boundaries of over 15 are displayed. The black pixels represent the high angle boundaries and these match well with the deformation bands shown in the pattern quality map (Fig. 6(a) ). The deformation bands represent a severely strained region, and we can say that there is a significant orientation variation across these bands. It is quite feasible that these deformation bands act as a ferrite nucleation site during isothermal holding, and that the ferrite grains nucleated from these deformation bands will not conform to the K-S orientation relationship with respect to the austenite orientation, and that they may be the main source of the significant deviation of the ferrite orientation from the K-S relationship. There is a possibility that, even when the K-S relationship is held at nucleation, significant deviations from the K-S one can be achieved during growth if deformed austenite contains large orientation distribution. Further more, the large variation of the austenite orientation within a grain after deformation may explain the poor conformity of the martensite orientation with the K-S relationship, as shown in Fig. 4 . Hence the selection of only one reference variant may not be adequate in a 50% deformed specimen. However, no significant variation in the orientation within an austenite grain was observed in the Ni-30Fe alloy after 20% deformation. In this case, the observed large deviation of the ferrite orientation from the K-S relationship cannot be explained by the variation in the austenite orientation in the deformed grains. To confirm this point, the orientation deviation of the ferrite grains was calculated theoretically, assuming that the orientation of ferrite satisfies the K-S relationship, and that the orientation of the deformed austenite deviates gradually from its representative orientation. In this calculation, the range of deviation from the representative austenite orientation was limited to a maximum value of 10
. The result is shown in Fig. 7 . Figure 7 shows that the orientation of the ferrite grains does not differ substantially from the K-S relationship, even though the austenite orientation deviates by as much as 10 from the representative orientation. This result implies that the gradual variation in austenite orientation caused by macro deformation cannot explain the significant deviation of the ferrite orientation from the K-S orientation relationship observed in Fig. 3 . And also, grain growth may cause some deviation but the deviation angle may not exceed the simulated results, if the K-S relationship satisfied. All these results suggest that the large deviation of ferrite orientation observed in deformed austenite grains originates from the randomly oriented nucleation of ferrite grains from the deformation bands. These large deviations of ferrite orientation from the K-S orientation relationship would certainly be beneficial to the formation of fine grained ferrites, because they would suppress the coalescence of neighboring ferrite grains.
Conclusion
The orientation of ferrite grains, transformed dynamically and statically from deformed austenite, deviates significantly from the K-S relationship. Theoretical simulations showed that this large deviation of the ferrite orientation could not be explained by the gradual orientation variations within the austenite grains, which occurred during deformation. Very localized and inhomogeneous deformation bands were formed in the deformed austenite, as observed in the deformed Ni-30Fe model alloy, and a large variation of orientation was observed across these deformation bands. The large deviation of the ferrite orientation from the K-S relationship may result from ferrite nucleation originating from these deformation bands in the deformed austenite grains. 
